The ubiGmccBA operon of Clostridium acetobutylicum is involved in methionine to cysteine conversion. We showed that its expression is controlled by a complex regulatory system combining several RNA-based mechanisms. Two functional convergent promoters associated with transcriptional antitermination systems, a cysteine-specific T-box and an S-box riboswitch, are located upstream of and downstream from the ubiG operon, respectively. Several antisense RNAs were synthesized from the downstream S-box-dependent promoter, resulting in modulation of the level of ubiG transcript and of MccB activity. In contrast, the upstream T-box system did not appear to play a major role in regulation, leaving antisense transcription as the major regulatory mechanism for the ubiG operon. The abundance of sense and antisense transcripts was inversely correlated with the sulfur source availability. Deletion of the downstream promoter region completely abolished the sulfur-dependent control of the ubiG operon, and the expression of antisense transcripts in trans did not restore the regulation of the operon. Our data revealed important insights into the molecular mechanism of cis-antisensemediated regulation, a control system only rarely observed in prokaryotes. We proposed a regulatory model in which the antisense RNA controlled the expression of the ubiG operon in cis via transcriptional interference at the ubiG locus.
INTRODUCTION
Micro-organisms can frequently use sulfate for the synthesis of organic sulfur metabolites, mostly cysteine, methionine and S-adenosyl-methionine (AdoMet). The sulfate assimilation pathway involves uptake and activation of inorganic sulfate followed by a stepwise reduction to sulfide. An O-acetylserine-thiol-lyase further catalyzes the reaction of sulfide and O-acetylserine (OAS) to give cysteine (1) (2) (3) . Cysteine is then converted into methionine by the transsulfuration pathway followed by a methylation due to methionine synthases (4, 5) . Methionine is also a sulfur source for several bacteria indicating an efficient conversion of methionine into cysteine usually through the AdoMet recycling pathway and then the reverse transsulfuration pathway ( Figure 1 ). This pathway, which is present in mammals, Saccharomyces cerevisiae, Pseudomonas aeruginosa and Bacillus subtilis, requires the sequential action of cystathionine b-synthases and cystathionine g-lyases (6) (7) (8) . In B. subtilis, the mccB and mccA genes encoding a cystathionine g-lyase and a cystathionine b-synthase form an operon together with yrrT, mtnN and yrhC. The mtnN gene encodes the AdoHcy nucleosidase, involved in AdoMet recycling and yrrT, a putative AdoMet-dependent methyl-transferase. The master regulator of cysteine metabolism, CymR, represses the transcription of this operon in the presence of cysteine (6, 9, 10) . Both CymR and CysK, the OAS-thiol-lyase, are required for DNA binding (6) . The probable formation of a CysKCymR complex may induce conformational changes to help the CymR-dependent binding to its targets. Physiological data indicate that OAS, the direct precursor of cysteine is important in the signaling pathway of CymR (6) .
Clostridium acetobutylicum is one of the best-studied solventogenic clostridia and the genome of strain ATCC824 has been sequenced (11) . In C. acetobutylicum, cysteine and homocysteine can be synthesized either directly from reduced sulfur (thiolation pathway) or by their interconversion involving the transsulfuration and the reverse transulfuration pathways ( Figure 1 ) (12) . An ubiGmccBA operon encodes putative AdoMet-dependent methyl-transferase (sharing low similarity with YrrT), cystathionine g-lyase and cystathionine b-synthase. A cysteine-specific T-box is located upstream of this operon (12) . In Firmicutes, the T-box riboswitch regulates the expression of various genes encoding aminoacyltRNA synthetases or is involved in amino acid biosynthesis by premature termination of transcription (13) (14) (15) (16) . Gene expression is controlled by competition between two mutually exclusive structures, a terminator and a less stable antiterminator. The choice between alternative leader RNA structures is determined by interactions of the nascent transcript with an uncharged tRNA, specific for the amino acid class of the regulated gene. The specificity of the response is dependent on pairing of the anticodon of the tRNA with a single codon (the 'specifier sequence') in the leader sequence (13, 17) . The acceptor end of the uncharged tRNA also pairs with residues in the antiterminator element, preventing the formation of the competing terminator helix (13) . Each gene regulated by T-box is specifically induced in response to a decrease in aminoacylation of the cognate tRNA, and therefore signals the deficiency in the corresponding amino acid or aminoacyltRNA synthetase.
Interestingly, Rodionov et al. (12) have proposed that the ubiGmccBA operon is followed by a convergent S-box regulatory element. The S-box riboswitch controls the expression of genes involved in methionine transport, biosynthesis and recycling, in response to methionine availability (18) . The leader transcript of S-box-controlled genes may fold in mutually exclusive antiterminator or terminator structures. S-box RNA directly senses the level of AdoMet in vivo and in vitro, and functions as an AdoMet-dependent riboswitch. In the presence of methionine, the concentration of AdoMet increases. The binding of this compound to the leader mRNA stabilizes the terminator structure leading to premature termination of transcription (19) (20) (21) . Clostridia mainly use S-box-dependent riboswitches to control their methionine metabolism as observed for Bacillales ( Figure 1 ) (12) .
The ubiGmccBA operon is unique in the sense that two convergent promoters and two different systems of regulation by transcription antitermination are present upstream of and downstream from this operon. This suggested a mechanism of control involving an antisense RNA (12) . In the past few years, the importance of regulatory mechanisms based on the action of RNA molecules became evident. Natural antisense transcripts have been found in both prokaryotes and eukaryotes (22) (23) (24) (25) (26) (27) . Antisense RNAs can be divided into cis-encoded RNAs, which are transcribed from the opposing DNA strand at Figure 1 . Sulfur metabolism in C. acetobutylicum. The genes controlled by antisense RNAs are underlined. 'S-box' indicates the genes controlled by an S-box riboswitch. And 'T cys -box' indicates the genes controlled by a cysteine-specific T-box system. A question mark indicates the genes probably involved in this pathway. AdoMet, S-adenosyl-methionine; Serine O-acetyltransferase, cysE; OAS-thiol-lyase, cysK; methionine adenosyltransferase, metK; adenosylhomocysteine nucleosidase, mtnN; S-ribosylhomocysteine lyase, luxS; cystathionine b-synthase, mccA; cystathionine g-lyase, mccB; homoserine acetyl-transferase, metA; cystathionine g-synthase, metI; cystathionine b-lyase, metC and patB; methionine synthase, metH; ATP sulfurylase, cysDN; APS kinase, cysC; anaerobic sulfite reductase, asrABC (11, 12) . The cac numbers for C. acetobutylicum genes correspond to those of AcetoList (http://bioinfo.hku.hk/GenoList/index.pl?database = acetolist) (38) .
the same locus and are thus fully complementary to their target RNAs; and trans-encoded RNAs, which are transcribed from separate loci and are only partially complementary to their target RNAs (26) . While in eukaryotes, cis-encoded antisense RNAs are widespread (28) , in prokaryotes, most of the antisense RNAs discovered until recently are trans-encoded (29) (30) (31) (32) . Cis-antisense RNAs are mainly found in plasmids, phages and transposons (27, 33) and little is known about cis-antisense RNAs encoded by bacterial chromosome (34) .
Since only few genetic tools are available in clostridia, we decided to study the regulation of the expression of the C. acetobutylicum ubiG operon mainly in B. subtilis. We then confirmed the sulfur-dependent control of the ubiG operon by experiments in the original host, C. acetobutylicum. We identified cis-encoded antisense RNAs complementary to the 3 0 -part of the C. acetobutylicum ubiGmccBA operon. This brings important insights into a novel regulatory mechanism, which involves antisense transcription repressed in the presence of methionine as a control of the methionine to cysteine conversion pathway.
MATERIALS AND METHODS

Bacterial strains and culture conditions
The B. subtilis strains used in this work are listed in Table 1 . Escherichia coli strains were grown in LB broth. Bacillus subtilis was grown in SP medium or in minimal medium (10) supplemented with a sulfur source as stated: 1 mM K 2 SO 4 , 1 mM L-methionine, 1 mM L-cystine, 1 mM DL-homocysteine or 5 mM glutathione. For strain BFS2063 or strains derived from SSB353, 1 mM isopropyl b-D-thiogalactoside (IPTG) was added allowing the expression of genes under the control of the Pspac promoter. When required, antibiotics were added to the following concentrations: ampicillin, 100 mg ml À1 ; chloramphenicol, 5 mg ml À1 ; spectinomycin, 100 mg ml À1 ; kanamycin, 5 mg ml À1 ; erytromycin 1 mg ml À1 ; lincomycin 25 mg ml
À1
. Standard procedures were used to transform E. coli and B. subtilis (35, 36) . Clostridium acetobutylicum ATCC824 strain was grown under anaerobic conditions (10% H 2 , 5% CO 2 , 85% N 2 ), in a synthetic medium MS supplemented with 1 mM methionine or 1 mM cysteine (37) .
Plasmid and strain construction
Plasmids from E. coli and chromosomal DNA from B. subtilis were prepared according to standard procedures. Restriction enzymes, DNA polymerase and phage T4 DNA ligase were used as recommended by the manufacturers. DNA fragments were purified from agarose gels with the Nucleospin Extract II kit (Macherey-Nagel, Germany). DNA sequences were determined using the dideoxy-chain termination method with plasmid DNA as template and the Big Dye Terminator v.3.1 kit (Applied Biosystems, USA).
The metB and cac0931 genes (http://bioinfo.hku.hk/ GenoList/index.pl?database = acetolist) (38) were renamed mccB and mccA according to their sequence similarities with the genes of B. subtilis, respectively.
All primers used in this study are listed in Supplementary  Table S1 . The S-box region of the ubiGmccBA operon from C. acetobutylicum (À236 to +349 relative to the transcriptional start site of the antisense RNA) and the S-box region with the 800 last bases of the mccA gene (À236 to +1137) were amplified by PCR. We used primers containing a 5 0 -BamHI or a 3 0 -EcoRI site (Table S1 ). These fragments were inserted between the BamHI and EcoRI sites of pAC6 (39) resulting in plasmids pDIA5715 and pDIA5759. The T-box promoter region (À302 to +392 relative to the transcriptional start point of the ubiG operon) was cloned similarly into pAC6 to give plasmid pDIA5720. The plasmids pDIA5715, pDIA5720 and pDIA5759 were linearized by ScaI and used to transform B. subtilis 168 to give strains BSIP1751, BSIP1761 and BSIP1845, respectively (Table 1) .
We failed to clone the ubiGmccBA operon from C. acetobutylicum in E. coli. This could be due to a possible toxicity of the MccB protein. The ubiG operon was therefore cloned directly in B. subtilis. Two DNA fragments containing the ubiGmccBA operon with the S-box promoter region (À294 to +3672 relative to the transcriptional start site of the operon), or deleted of the S-box (À294 to +3195) were amplified by PCR using primers containing a 5 0 -ClaI or a 3 0 -BamHI site (Supplementary  Table S1 ). These fragments were inserted between the ClaI and BamHI sites of pHM2. The ligation mixtures were then linearized by XhoI and SalI and used to transform strain BSIP1303 to give strains BSIP1802 and BSIP1858, respectively (Table 1) . To construct strains expressing the antisense RNA in trans, we cloned the DNA corresponding to the downstream part of the ubiG operon in the vector pAXO1 (Table 1 ). The sequences corresponding to the S-box (À227 to +232 relative to the antisense transcriptional start site), and the S-box region with the 800 last bases of the mccA gene (À227 to +1137) were amplified by PCR with primers containing a 5 0 -BamHI or a 3 0 -SacII site (Supplementary Table S1 ). These fragments were inserted into pAXO1 resulting in plasmids pDIA5786 and pDIA5787. The inserted fragments of pDIA5786 and pDIA5787 were integrated into the chromosome of 1A785 at the lacA locus by a double crossingover event to give strain BSIP1919 or BSIP1920. Strain BSIP1858 deleted in the S-box promoter region was subsequently transformed with chromosomal DNA of strain BSIP1919 or BSIP1920 to give strain BSIP1946 or BSIP1947 (Table 1) .
Enzyme assays
b-Galactosidase specific activity was measured as described by Miller (40) with crude extracts obtained by lysozyme treatment. Concentration of proteins was determined by the method of Bradford. One unit of b-galactosidase is defined as the amount of enzyme that produces 1 nmol min À1 of O-nitrophenol (ONP) at 288C. The mean value of at least three independent experiments is presented.
Zymogram was performed to detect homocysteine g-lyase activity of MccB. Cells were harvested during the exponential growth phase and collected by centrifugation. A 40 mg of unboiled crude extracts were loaded onto a native polyacrylamide gel (12% polyacrylamide gel in Tris-glycine buffer). After electrophoresis, the gel was washed twice for 10 min in 50 ml of water and twice for 10 min in 50 ml of Tris-HCl (50 mM, pH 7.4). The gel was then incubated at 378C for 2 h in the following solution: 50 mM Tris-HCl (pH 7.4), 10 mM MgCl 2 , 10 mM homocysteine, 0.5 mM Pb(Ac) 2 , 5 mM dithiothreitol and 0.4 mM pyridoxal phosphate. H 2 S formed during the enzymatic reaction precipitated as insoluble PbS allowing the detection of homocysteine g-lyase activity. The signal was then quantified with the 'Quantity One' software (Bio-Rad, USA). We have verified that the signal increase was linear depending on the protein quantity using the purified B. subtilis MccB protein (6) .
RNA isolation and northern blot analysis
We extracted total RNA from various exponentially growing B. subtilis strains and the C. acetobutylicum ATCC824 strain as previously described (41) . For northern blot analysis, 10 mg or 50 mg of total RNA was separated in a 1.5% denaturing agarose gel containing 2% formaldehyde, and transferred to Hybond-N + membrane (Amersham Biosciences, UK) in 20Â SSC buffer (3 M NaCl, 0.3 M sodium citrate pH 7). Prehybridization was carried out for 2 h at 688C in 10 ml of prehybridization buffer ULTRAHyb (Ambion, USA). Hybridization was performed overnight at 688C in the same buffer in the presence of a single strand RNA [a-
32 P]-labeled probe. The probe was synthesized from a PCR product containing a T7 phage promoter sequence on one of its extremities (see Supplementary Table S1 for the primers). One microgram of this PCR product was used as a matrix for in vitro transcription reaction with phage T7 RNA polymerase, 0.5 mM each ATP, GTP, CTP and 50 mCi of [a-32 ] UTP using Maxiscript kit (Ambion). The probe was then treated with TURBO DNAse I and purified on 'Nucaway spin column' (Ambion). After hybridization, membranes were washed twice for 5 min in 50 ml 2 Â SSC 0.1% SDS buffer and twice for 15 min in 50 ml 0.1 Â SSC 0.1% SDS buffer. Radioactive signal was detected with a Typhoon (Amersham) and the RNA quantity was estimated with the 'Image Quant' software (Amersham Biosciences). Verification of equal loading was achieved by measurement of RNA concentration by absorbance at 260 nm, by direct comparison of rRNA band intensities after staining by ethidium bromide ('Quantity One' software quantification) and by hybridization with ptsH and/or gyrA RNA probes as independent controls. The size of the transcripts was estimated by comparison with RNA molecular weight standards (Ambion).
Quantitative RT-PCR
We heated at 658C for 5 min 5 mg or 2.5 mg of total RNA, extracted from various B. subtilis strains and the C. acetobutylicum ATCC824 strain. After a slow cooling, cDNAs were synthesized for 1 h at 558C with Superscript III Reverse Transcriptase (Invitrogen, UK), and 1 pmol of strand-specific 3 0 oligonucleotide primers: O20 and O26 are complementary to the B. subtilis or C. acetobutylicum gyrA, respectively (Supplementary Table S1 ). O22 and O23 are complementary to the mccA gene of the ubiGmccBA mRNA or antisense RNA. The reverse transcriptase was inactivated by incubation at 708C for 15 min. Real-time quantitative PCR was performed twice in a 20 ml reaction volume containing 100 ng or 1 mg of cDNA, 12.75 ml of the SYBR PCR master mix (Applied Biosystems), and 400 nM of gene-specific primers. Primers used are listed in 'Quantitative RT-PCR' section in Supplementary Table S1 . Amplification and detection were performed as previously described (42) . In each sample, the quantity of cDNA for each gene was normalized to the quantity of the gyrA cDNA, which is considered as a stably expressed gene. The relative change in gene expression was recorded as the ratio of normalized target concentrations (ÁÁct) (43).
5' and 3' RACE
5
0 RACE (Rapid amplification of cDNA ends) assays were performed on total RNA extracted from strains BSIP1802 and BSIP1899 using a 5 0 RACE System kit (Invitrogen). Reverse transcription was performed with the Superscript II enzyme at 428C. The cDNAs were purified on SNAP column and a polyC tail was added with Terminal deoxynucleotidyl transferase. PCR was then performed with the Triple Master polymerase (Qiagen, Germany) using a primer hybridizing with the polyC tail and either a T-box-specific primer (O5), or an S-box-specific primer (O27) (see Supplementary Table S1 ). Cycling conditions were as follows: 948C/2 min; 35 cycles of 948C/30 s, 558C/ 30 s, 728C/1 min; 728C 7 min. PCR amplification products purified with Nucleospin extract II PCR Purification kit (Macherey-Nagel) were sequenced.
To identify the 3 0 -end of the ubiGmccBA transcript, we used RNAs isolated from strain BSIP1802 grown with methionine as sulfur source. For the antisense RNAs 3 0 -end identification, the 3 0 RACE experiments were performed using RNAs isolated from strains BSIP1802, BSIP1900 and BSIP1899 (Table 1) grown with glutathione as sulfur source. 3 0 RACE assays were carried out as previously described (44) with some modifications. A total of 15 mg of total RNA was dephosphorylated 1 h at 508C with calf intestine alkaline phosphatase (Roche, Germany). Reactions were stopped by phenol/chloroform extraction, followed by ethanol precipitation. RNA was then mixed with 500 pmol of 3 0 RNA adapter (5 0 P-UUCACUGUUC UUAGC-GGCCGCAUGCUC-idT-3 0 ) (Dharmacon Research, USA), heat-denaturated at 958C for 5 min and then quick-chilled on ice. The adapter was ligated overnight at 178C with 5 U of T4 RNA ligase (New England Biolabs, USA). After phenol/chloroform extraction and ethanol precipitation, RNA (5 mg) was reverse-transcribed using the Thermoscript Reverse Transcriptase kit (Invitrogen) with 100 pmol of a primer complementary to the RNA adapter (O30) in three subsequent steps of 20 min at 55, 60 and 658C. Treatment with RNase H was then performed for 20 min at 378C. One microliter of the product of reverse transcription was used for amplification in the presence of 250 mM of each dNTP, 1 unit of Triple Master polymerase, 25 pmol of primers and 1 Â Triple Master polymerase buffer containing 2.5 mM MgCl 2 . For the ubiGmccBA transcript, an adapter-specific primer (O30) and O28, which hybridizes with mccA were used. For the antisense RNA, the PCR was performed with the adapterspecific primer and O16 (Supplementary Table S1 ). Cycling conditions were as follows: 958C/10 min; 35 cycles of 958C/ 30 s, 558C/40 s, 728C/2 min; 728C 10 min. Nested PCR was performed in the same conditions on the first PCR products to increase the amplification specificity. We used either an internal mRNA primer (O29) or an internal antisense RNA primer (O3). The PCR products were then purified with the MinElute Reaction Cleanup Kit (Qiagen), cloned using the TOPO TA Cloning Kit (Invitrogen) and sequenced.
RESULTS
Sulfur-dependent regulation of the expression of the T-box and S-box promoter regions of the C. acetobutylicum ubiGmccBA operon in B. subtilis
We set out to investigate the regulatory elements involved in the control of the C. acetobutylicum ubiGmccBA operon by first determining its transcriptional start point by 5
0 RACE analysis. Transcription is initiated 397-bp upstream of the ubiG translational initiation codon. Hexamers À10 (TATAAT) and À35 (TTTACA) showing similarity to a s A consensus sequence and separated by an 18-bp spacer are found upstream of the transcriptional start site (Figure 2A) . A T-box antitermination system containing a cysteine specifier codon and all conserved elements characteristic for T-box genes is located downstream from this promoter suggesting a mechanism of premature termination of transcription in response to cysteine availability (Figure 2A) . To study the regulation of the ubiG operon, we constructed a transcriptional fusion containing the T-box regulatory region fused to the E. coli lacZ gene. The P-T-box(À302, + 392)-lacZ fusion was introduced at the amyE locus of the B. subtilis strain 168. The resulting strain was grown in minimal medium with various sulfur sources. The b-galactosidase activities obtained are presented in Table 2 . The P-T-box-lacZ fusion was slightly regulated in response to sulfur availability. The expression of the fusion was only 1.7-fold lower in the presence of 1 mM cystine than in the presence of 5 mM glutathione or 20 mM cystine (Table 2) . However, a small transcript corresponding to premature termination of transcription at the T-box terminator was observed by northern blot using a T-box-specific probe (Supplementary Figure S1 ). To test more drastic conditions of cysteine starvation, the fusion was introduced into a mutant inactivated for the two major cystine transporters, TcyP and TcyJKLMN (45) . The growth of a ÁtcyPÁtcyJKLMN was reduced in the presence of cystine as sulfur source. The expression of the P-T-box-lacZ fusion was not Figure S1) . A cysteine auxotrophic B. subtilis cysE strain inactivated for the serine-acetyltransferase, an enzyme involved in cysteine biosynthesis (46) , was used to try to deplete the intracellular pool of cysteine. No derepression of the transcriptional P-T-box-lacZ fusion was observed in this strain, as well as in double and triple mutant strains inactivated in addition for one or two cystine transporters (tcyP and tcyJKLMN) (Supplementary Figure S1) . Thus, the expression of the ubiGmccBA operon under the control of the cysteine-specific T-box was hardly responding to sulfur availability. This suggested the existence of additional more efficient control mechanism. We therefore turned our attention to the convergent S-box system immediately downstream from the operon (12) .
To demonstrate the presence of a functional promoter linked to the S-box system, we performed a 5 0 RACE analysis. A single start site was identified 3426-bp downstream from the ubiGmccBA mRNA transcriptional start site, on the complementary strand. This downstream promoter perfectly matches to the s A consensus sequences with the À10 (TATAAT) and À35 (TTGACA) boxes separated by 16 bp ( Figure 2B ). Between this promoter and the end of the mccA gene, a S-box conserved motif followed by a terminator is present. This prompted us to test whether this downstream element was regulated by methionine. Two lacZ fusions corresponding either to the S-box and its promoter [P S1 box(À236, + 349)-lacZ], or the S-box, its promoter, and the 800 last bp of the mccA gene [P S2 box(À236, + 1137)-lacZ] were constructed and introduced into B. subtilis as described above. The P S1 box(À236, + 349)-lacZ fusion was highly expressed in the presence of cystine, sulfate or glutathione but 9-fold repressed when the strain was grown with methionine (Table 2 ). In the presence of homocysteine, the expression was 2-fold reduced when compared to that obtained with glutathione. These results indicated that the S-box from C. acetobutylicum is functional in B. subtilis. However, the expression of the second fusion P S2 box (À236, + 1137)-lacZ containing sequences complementary to the 3 0 -end of mccA (800 last bases) was low and not regulated by the sulfur source (Table 2 ). This suggested that the transcription from the S-box-dependent promoter could stop before the fusion point to lacZ (i.e. before the mccA translational start site). Alternatively, a long untranslated region upstream of lacZ could destabilize the whole RNA molecule in this construction.
Complementation of the B. subtilis mccA and mccB mutants by the C. acetobutylicum mccBA genes Since only few genetic tools are available in clostridia, we first studied the regulation of the expression of the C. acetobutylicum ubiG operon in B. subtilis. We constructed B. subtilis strains containing the complete C. acetobutylicum ubiGmccBA operon (BSIP1802), or the operon deleted of the S-box promoter region (BSIP1858). The operon was directly cloned in the B. subtilis strain BSIP1303 that contains a deletion of the mccAB genes (see Materials and methods section and Table 1 ). This ÁmccAB mutant cannot grow in the presence of methionine as sole sulfur source, due to the absence of the cystathionine b-synthase, MccA (6). The MccA and MccB proteins of C. acetobutylicum shared 52 and 60% identity with MccA and MccB from B. subtilis, respectively. Assuming that the mccBA genes of C. acetobutylicum can complement a mccAB mutant of B. subtilis, we selected transformants that restored the growth of strain BSIP1303 in the presence of methionine as sole sulfur source.
To confirm the function of MccA and MccB from C. acetobutylicum, we complemented either the mccA or the mccB mutant from B. subtilis. The DNA of BSIP1802 or BSIP1858 was therefore introduced by transformation into a B. subtilis mccA mutant (BFS2063). The resulting strains, BSIP1832 and BSIP1864, were grown in minimal medium in the presence of methionine and IPTG (this allows the expression of mccB). The growth of the B. subtilis mccA mutant was restored in the strains containing the C. acetobutylicum mccBA genes integrated at the amyE locus (data not shown). This strongly suggested that the C. acetobutylicum MccA protein was a cystathionine b-synthase that was functional in B. subtilis. A B. subtilis ÁmccB mutant can grow in the presence of methionine, and previous results indicated that there was a second uncharacterized cystathionine g-lyase in this organism (6) . As a consequence, we could not use this enzymatic activity to specifically detect MccB. We therefore measured the MccB-specific homocysteine g-lyase activity. Crude extracts of strains 168, BSIP1165, BSIP1833 and BSIP1863 grown in the presence of methionine were prepared. The release of sulfide from homocysteine due to homocysteine g-lyase activity was directly detected by the precipitation of insoluble PbS in native gels. As expected, a single band was detected in the wild-type strain. This signal disappeared in the ÁmccB mutant (BSIP1165) (data not shown). The integration of the C. acetobutylicum ubiGmccBA operon at the amyE locus of the B. subtilis ÁmccB mutant restored the detection of homocysteine g-lyase activity. This indicated that MccB from C. acetobutylicum had homocysteine g-lyase activity in vitro.
Modulation of MccB synthesis in response to sulfur availability
The regulation of the C. acetobutylicum MccB synthesis in response to sulfur availability was first studied in the B. subtilis strain BSIP1802 containing the C. acetobutylicum ubiGmccBA operon with the two convergent promoters. This strain was grown in minimal medium in the presence of glutathione, methionine, cystine, or sulfate as sole sulfur sources. The homocysteine g-lyase activity was tested by zymogram. The detected activity was high when the strain BSIP1802 was grown with methionine, and 15-, 10-and 50-fold reduced in the presence of glutathione, sulfate or cystine, respectively ( Figure 3A) . The effect of the deletion of the downstream promoter and the S-box motif (BSIP1858) on MccB synthesis was further tested. The homocysteine g-lyase activity detected in strain BSIP1858 was the same in the presence of all these sulfur sources ( Figure 3B ). These results indicated that the MccB synthesis is repressed by glutathione, sulfate or cystine only when the downstream promoter region is present. The modulation of MccB activity was not correlated with the variation of expression of the P-T-box (À302, +392)-lacZ fusion indicating the existence of another mechanism of regulation. The requirement of a downstream convergent promoter suggested that an antisense RNA could participate in the regulation of the ubiG operon.
Detection of antisense RNAs and characterization of their 3'-end
To determine whether a stable antisense RNA could be synthesized from the S-box promoter, we performed northern blot experiments using strand-specific RNA probes. One probe hybridized with the 130 first bases of the RNA transcribed from the downstream promoter (+1 to +130 relative to the transcriptional start point), and the second corresponded to the mccA gene (+662 to +446 relative to the mccA translation start point) (Figures 2 and 4; Supplementary Table S1 ). The B. subtilis strains BSIP1802 and BSIP1858 were grown in minimal medium in the presence of methionine, conditions where the P S1 box-lacZ fusion is highly repressed, or glutathione, conditions where the expression of the P-T-box-lacZ fusion seems to be slightly increased. After extraction, RNAs were analyzed by Northern blot. We detected transcripts of about 200 (double band), 400, 700 and 1000 nt with the probe hybridizing with the S-box region (Figures 2, 4C and Supplementary Figure S2 ). Longer exposure time was required for better detection of the 400, 700 and 1000 nt transcripts. The smallest transcript detected (approximately 200 nt) might correspond to premature termination of transcription at the S-box terminator. For the mccA probe, only the 700 and 1000 nt transcripts were detected according to the probe position ( Figure 4B ). In contrast, no transcript was detected with the same probes in strain BSIP1858 ( Figure 4E ). These results showed that several antisense transcripts were synthesized from the downstream promoter and that the deletion of this promoter abolished their synthesis.
To further characterize these transcripts and to determine the possible overlap between the ubiGmccBA mRNA and the antisense RNAs, their 3 0 -ends were determined. 3 0 RACE analysis was performed by the ligation of an adapter to the 3 0 -hydroxyl group of RNAs, followed by adapter-and sense-or antisense-specific amplifications. The size of the ubiGmccBA mRNA was determined to be 3162 bases. The stop of transcription occurred at a T-nucleotide at the end of an inverted repeat, which corresponds to a predicted terminator located downstream from mccA ( Figure 2B ). For the antisense RNAs, the sequencing of about 40 independent clones identified several 3 0 -ends. The most abundant 3 0 -RACE fragments placed the 3 0 -ends at position +264, +424 and +730 from the transcriptional start site of the downstream promoter (Supplementary Figure S2) . Additional minor sites were located at position +324, +347, +618, +678 and +808. Interestingly, the same sites were identified for antisense RNAs isolated from a host strain mutated in the rnc gene encoding the double strand-specific RNase III (see below Results section for the effects of the rnc A total of 40 mg of crude extracts were charged on a native polyacrylamide gel (12%). The release of sulfide from homocysteine due to homocysteine g-lyase activity was directly detected by the precipitation of insoluble PbS (see Materials and methods section). The proteins were extracted from B. subtilis strains BSIP1802 (P-Tbox-ubiGmccBA-Sbox-P) (A), BSIP1858 (P-Tbox-ubiGmccBA) (B) or C. acetobutylicum ATCC824 strain (C); strains were grown in the presence of 5 mM glutathione (G), 1 mM methionine (M), 1 mM K 2 SO 4 (S) or 1 mM cystine or cysteine (C). These results are representative of at least two independent experiments. gene mutation). The length of antisense RNAs corresponding to the major termination stop sites is in agreement with the approximate sizes of these RNAs estimated by northern blots ( Figure 4C ). No stem and loop structures are predicted at position +264, +424 and +730 suggesting that transcription could stop independently from classical terminators. For the small transcripts corresponding to the S-box region, the major 3 0 -end of the transcript corresponded to position +140 from the transcriptional start site both in the wild-type strain and in a mutant inactivated for the RNase III. Surprisingly, this 3 0 -end is located upstream of the S-box terminator ( Figure 2B ) suggesting a cleavage of the transcript. In a strain inactivated for the RNases J1 and J2, we identified a 3 0 extremity located at position +198 downstream from the S-box terminator ( Figure 2B ). These RNases are known to cleave the RNA of the thrS leader region between the T-box motif and the terminator (47) . Our results suggested that a cleavage between the S-box motif and its terminator could also be possible. Inverse regulation of the expression of the ubiGmccBA mRNA and antisense RNAs
We then compared the level of antisense RNAs detected in the presence of methionine or glutathione. The short transcript of about 200 nt probably terminated at the S-box terminator was present in both growth conditions as observed for the B. subtilis metIC operon (48) . The expression of the longer read-through transcripts was high in the presence of glutathione and reduced in the presence of methionine. This showed that the repression of antisense RNA synthesis in the presence of methionine was mediated by premature termination of transcription at the S-box motif. To further quantify the variation of the antisense RNA abundance as a function of the sulfur source, we performed quantitative RT-PCR analysis on RNA extracted from the B. subtilis strains BSIP1802 (containing the complete C. acetobutylicum ubiG operon) and BSIP1858 (containing the operon deleted of the S-box promoter region). We used two oligonucleotides located at the end of mccA. The expression of antisense RNAs in strain BSIP1802 was high in the presence of glutathione or cystine and 26-or 21-fold reduced in the presence of methionine. In contrast, the antisense RNAs were not detectable in strain BSIP1858 (Table 3 ). This confirmed the results obtained by northern blots (Figure 4B, C and E) .
To study the impact of the presence of antisense RNAs on the quantity of the ubiG mRNA, we performed northern blot experiments on RNA extracted from strains BSIP1802 and BSIP1858 grown in minimal medium with methionine or glutathione. To specifically detect the ubiG mRNA, we used a single strand RNA probe that hybridized with ubiG (+388 to +648 relative to the ubiG transcriptional start point) (Supplementary Table S1, Figure 4 ). As expected for the ubiG operon, a transcript of about 3200 nt was detected in both strains ( Figure 4A and D) in accordance with the size determined by 5 0 and 3 0 RACE experiments (3162 nt). The quantity of the ubiG transcript detected in strain BSIP1802 in northern blot was markedly higher in the presence of methionine than in the presence of glutathione ( Figure 4A ). Using quantitative RT-PCR, we showed that the level of the ubiGmccBA mRNA in strain BSIP1802 was 4-fold reduced in the presence of glutathione and 6-fold reduced in the presence of cystine as compared to that obtained after growth with methionine (Table 3 ). In contrast, no variation of the ubiGmccBA mRNA quantity was observed in strain BSIP1858 under the same conditions ( Figure 4D and Table 3 ). This indicated that the expression of the C. acetobutylicum ubiG operon becomes independent of the sulfur source when the S-box promoter region is deleted in agreement with the measurements of MccB activity obtained by zymogram ( Figure 3A and B) . This demonstrated the existence of an inverse correlation between the sense and antisense transcript expression patterns.
Effect of antisense RNA synthesis in trans on the control of ubiGmccBA expression
To investigate the molecular mechanisms implicated in antisense-mediated control of the ubiG operon, we first tested the possible role of specific RNases in this regulatory system. Our 3 0 RACE results showed a likely overlap of up to 700 nt between the transcript and the antisense RNAs ( Figure 2C) . Indeed, if a sense/antisense duplex formation promotes degradation of these RNAs, the involvement of some double strand-specific RNases may be proposed. RNase III, or RNases shown to cleave RNA at a position adjacent to double strand regions, i.e. B. subtilis RNaseJ1 and J2, are good candidates for this degradation. However, by northern blot as well as by zymogram analysis, we observed no major effects of inactivation of these RNases on the regulation of the ubiG operon (data not shown).
In most chromosomal regulation systems involving antisense RNAs, the target and regulatory RNA-encoding genes are located at different loci in the chromosome. In contrast, only cis-located elements control the ubiG operon of C. acetobutylicum. To address the question whether the antisense RNA interferes with transcription of the ubiG operon in cis or in trans, the effect of the expression of the antisense RNA in trans on the ubiGmccBA mRNA abundance was tested in B. subtilis. We first cloned the sequences corresponding to the S-box region (À227 to +232) and the longest detected antisense RNA of about 1000 nt (À227 to +1137) in the vector pAXO1. These constructions were then inserted into the lacA locus of strain BSIP1858 (deleted of the downstream promoter and the S-box motif) giving strains BSIP1946 and BSIP1947 (Table 1) . We subsequently performed northern blot and quantitative RT-PCR experiments using RNA extracted from strains BSIP1802, BSIP1858, BSIP1946 and BSIP1947 after growth in the presence of methionine, glutathione or cystine. When expressed in cis (BSIP1802) or in trans (BSIP1947), the same antisense RNA molecules in similar amounts were detected and the expression pattern in response to sulfur availability was conserved ( Figure 5B, Table 3) . Indeed, the expression of antisense RNAs was high in the presence of glutathione The quantification was carried out by quantitative RT-PCR on total RNA extracted from B. subtilis strains BSIP1802 (P-TboxubiGmccBA-Sbox-P), BSIP1858 (P-Tbox-ubiGmccBA), BSIP1946 (P-Tbox-ubiGmccBA lacA::erm Sbox(À227,+232)), BSIP1947 [P-Tbox-ubiGmccBA lacA::erm AS(À227,+1137)] and C. acetobutylicum ATCC824 strain (wild type) after culture with methionine (Met), glutathione (GR) or cystine (Cys). Values presented are the ratio obtained from the quantity detected with methionine relative to the quantity detected with glutathione (Met/GR) or cystine (Met/Cys) and normalized to gyrA expression. 'ND', non-detectable; the limit of detection is estimated at < 10 À15 g. 'À', not determined.
or cystine and 25-or 29-fold reduced in the presence of methionine. As expected, no antisense RNAs were detected for strain BSIP1858 while only short transcripts of about 200 nt were observed for strain BSIP1946 ( Figure 5B , Table 3 ). Furthermore, the ubiGmccBA transcript was synthesized at similar levels in the presence of methionine or glutathione in strain BSIP1858, in strain BSIP1946 expressing the short S-box transcript and in strain BSIP1947 expressing the antisense RNA in trans ( Figure 5A , Table 3 ). This indicated that the expression of the antisense RNA in trans is unable to restore the sulfur-dependent regulation observed in BSIP1802. Accordingly, the MccB homocysteine g-lyase activity observed in zymogram was reduced in the presence of glutathione only in strain BSIP1802 ( Figure 5C ). Altogether these results strongly suggested a mechanism of action for the antisense RNAs in cis.
Sulfur-dependent regulation of the ubiG operon in C. acetobutylicum
To confirm the expression of antisense RNA species in C. acetobutylicum, we performed northern blot and quantitative RT-PCR on RNAs extracted from the original host. The C. acetobutylicum ATCC824 strain was grown in synthetic medium in the presence of methionine or cysteine. Using the same probes as for B. subtilis experiments, antisense RNAs of about 200, 400, 700 and 1000-nt long were detected by northern blot ( Figure 6A ). This corresponds to the estimated length of the antisense RNAs observed in B. subtilis ( Figure 4C ). We further compared the sulfur-dependent regulation of the ubiG and antisense RNAs in C. acetobutylicum. The quantity of the antisense RNAs detected by Northern blot was higher in the presence of cysteine than in the presence of methionine ( Figure 6A and B) . Using quantitative RT-PCR, we showed that the level of the antisense RNAs was 6-fold reduced in ATCC824 strain grown in the presence of methionine, as compared with cysteine (Table 3) .
We also showed by quantitative RT-PCR that the ubiG operon expression was 5-fold reduced in the presence of cysteine as compared to methionine (Table 3) . Thus, as in B. subtilis, we observed inverse correlation between the expression patterns of sense and antisense transcripts depending on sulfur source availability. Moreover, the homocysteine g-lyase activity of MccB on zymogram was 71-fold reduced in the presence of cysteine ( Figure 3C ). All these data are in agreement with the results obtained in B. subtilis, and strongly suggest that the sulfur-dependent control of the ubiG operon in C. acetobutylicum is similar to that observed in B. subtilis. 
DISCUSSION
In this study, we have analyzed a complex RNA-mediated regulatory system involving an S-box riboswitch and antisense RNAs that governs the expression of the C. acetobutylicum ubiG operon. Even though most of the studies were carried out in the heterologous host B. subtilis the major aspects of this control could be confirmed in the original host, C. acetobutylicum validating the experimental approach used here. By transcriptional fusion analysis, we observed a weak regulatory response of the cysteinespecific T-box antitermination system located downstream from the promoter of this operon even in drastic conditions of cysteine starvation (Table 2 ). However, we demonstrated premature termination of transcription at the T-box terminator by northern blot analysis strongly suggesting the functional capability of the T-box ( Figure S1 ). We cannot exclude that the T-box system may poorly function in the heterologous host B. subtilis but may have been conserved in C. acetobutylicum to ensure a secondary regulatory function under particular conditions. Another possibility could be that the T-box of ubiG in C. acetobutylicum has partially lost its responsiveness to cysteine due to a recent recruitment of a more efficient control system involving an antisense RNA. Indeed, transcription of antisense RNAs from a downstream promoter attenuated by an S-box riboswitch plays a major role in the sulfur-dependent regulation of the ubiG operon. The deletion of the downstream promoter region completely abolished this regulation ( Figure 4D ). In the presence of methionine, glutathione or cystine, the abundance of the ubiG transcript was inversely correlated to that of antisense transcripts as shown by northern blot experiments and quantitative RT-PCR analyses in B. subtilis and C. acetobutylicum ( Figure 4A -C, Table 3 ). In the presence of methionine, premature termination of transcription at the S-box riboswitch (Table 2 , Figures 4C and 6A) leads to a low level of antisense RNAs and concomitant increase in ubiG mRNA encoding the enzymes required for methionine to cysteine conversion ( Figure 4A , Table 3 ). Accordingly, the homocysteine g-lyase activity of MccB was high in the zymogram assay under this condition (Figure 3 ). In the presence of cystine or glutathione, which probably trigger methionine starvation, transcription from the downstream promoter proceeds through the S-box terminator due to the increased formation of the antiterminator structure in the absence of AdoMet (Table 2 , Figures 4B, C and 6 ). Under these conditions, antisense RNAs overlapping the ubiG mRNA were synthesized maintaining the quantity of the ubiGmccBA mRNA and the MccB activity at a low level ( Figure 3 and 4A, Table 3 ). In the presence of cystine, a weak additional T-box-dependent premature termination of transcription could occur, as observed by northern blot analysis with a T-box-specific probe in both B. subtilis and C. acetobutylicum ( Figure S1 ). This might be responsible for the slightly increased factor of regulation observed when we compared methionine to cystine instead of methionine to glutathione conditions (Table 3 ). This complex mechanism allows the expression of the ubiG operon in the presence of methionine and its downregulation in the presence of cystine or glutathione. This perfectly fits to the physiological function of the ubiGmccBA operon that is involved in methionine to cysteine conversion as shown by its ability to complement the B. subtilis mccA and mccB mutants. Several antisense RNA species were detected in the presence of glutathione or cystine. By northern blot analysis with strand-specific riboprobes and by subsequent 5 0 / 3 0 RACE experiments, we have identified major antisense RNAs of about 260, 400, 700 and 1000 nt in length (Figures 4, 6 and S2). We did not find Rho-independent terminators in these regions in antisense orientation. Interestingly, multiple RNA species have been frequently observed for antisense RNAs both in bacteria and eukaryotes. They correspond either to alternative transcription initiation or termination sites, to alternative splicing species, to processed forms or may result from transcriptional interference (23, 26, 28, 34, 44, (49) (50) (51) (52) (53) . For the ubiG system, the pattern of antisense molecules remained the same in mutants inactivated for RNase III or RNases J1/J2 (data not shown), suggesting that the shorter antisense RNAs do not represent cleavage products by these cellular RNAses. The various antisense RNAs could correspond to several preferential sites of transcription stops or pauses in the elongation of the transcriptional machinery. The identification of 3 0 -ends for the ubiGmccBA mRNA and the antisense RNAs shows the existence of a large region of overlapping between these sense and antisense transcripts (up to 700 nt) ( Figure 2C ), leading to the possible formation of an RNA-RNA duplex. In both eukaryotes and prokaryotes, it is proposed that the antisense RNA action might be mainly mediated through the activation of double-stranded RNA-dependent pathways (24, 29, 31, 54) . To date, nearly all known cis-encoded antisense RNAs on bacterial chromosomes seem to affect either translation or mRNA stability, although the detailed mechanisms remain to be elucidated (34) . In our case, an antisense-mediated inhibition of translation of the genes of the ubiG operon seems unlikely. By northern blot and 3 0 RACE analysis, we identified only antisense RNA species terminated within the mccA coding sequence ( Figures 2C, 4B, C and 6 ). In addition, no significant effect was observed when antisense transcripts are synthesized in trans ( Figure 5 ). Finally, we showed that neither RNase III [an endoribonuclease specific for doublestranded RNA (34, 53, (55) (56) (57) ] nor RNases J1/J2 sharing functional analogies with E. coli RNAse E (47,58,59) have major roles in the antisense-dependent regulation of the ubiG operon (data not shown). All our results are rather in favor of another mechanism like transcriptional interference allowing antisense RNA action in cis.
A recent report has proposed that there is a significant correlation between the regulatory mechanism of antisense function and the relative expression pattern of antisense transcripts and their sense targets (28) . For example, double-stranded RNA-dependent mechanisms require coexpression with their target, whereas transcriptional interference rather implicates mutual exclusion of sense and antisense transcripts (24) . We observed an inverse correlation in the abundance of sense and antisense transcripts for the C. acetobutylicum ubiG system ( Figure 4A -C, Table 3 ). Moreover, the antisense RNAs were able to control their target only in cis, since they have no important effect when expressed in equal amounts in trans ( Figure 5 , Table 3 ). Altogether, these data suggest the implication of a transcriptional interference mechanism, which refers to a direct negative influence in cis of one transcriptional process on a second (60, 61) . In this case, the presence of overlapping transcriptional units may lead to collisions of the two RNA polymerase complexes on opposite strands. Depending on the strength of convergent promoters, this might result in anti-correlated expression levels of sense and antisense or in repression of both transcripts (61) . We compared the strength of the ubiG promoter and of the antisense promoter in both C. acetobutylicum and B. subtilis. We first quantified the transcripts initiated from the sense and antisense promoters by northern blot analysis with probes complementary to T-box region (for sense) and S-box region (for antisense). By this approach, we estimated that the antisense promoter is about 3-fold stronger that the sense one. In addition, these results were confirmed by quantitative RT-PCR analysis using oligonucleotides within T-box or S-box regions (data not shown). However, examples of proved transcriptional collision are still rare (24, 52, 62) . One recent study in Saccharomyces cerevisiae demonstrated the cis-antisense-mediated regulation of IME4, a gene required for initiation of meiosis, by a transcriptional interference mechanism with stronger antisense and weaker sense promoters (63) . This mechanism has been also proposed for inversely expressed genes at imprinted loci in mouse (64) . Another possibility of transcriptional interference could involve the accumulation of positive supercoils ahead of the transcription machinery from efficient S-box riboswitch-dependent promoter, changing the conformation of the ubiG promoter into an inactive form. In bacterial and yeast chromosomes, transcriptioninduced positive supercoils are able to diffuse and affect the transcriptional process several kilobases away from the site of origin (65) (66) (67) . Further studies will be required to determine the exact nature of the molecular mechanism involved in the cis-acting antisense control of the C. acetobutylicum ubiG operon.
Previous searches of regulatory RNAs in bacteria have focused on trans-encoded chromosomal small RNAs from intergenic regions (30, 68, 69) . The number and importance of cis-encoded antisense RNA regulators are probably underestimated. In Gram-positive bacteria, few studies on regulatory RNAs have been performed (69) (70) (71) (72) . Only one example of cis-antisense RNA has been described in B. subtilis (53) while an antisense RNA has also been involved in the control of glutamate metabolism in C. acetobutylicum (73, 74) . The ubiG system, which provides an example of a new unexpected mechanism for the control by cis-antisense RNAs in bacteria (34) , may serve as a model for antisense-mediated regulation of gene expression in cis both in prokaryotes and in eukaryotes. The complex regulatory system identified here combines several RNA-based mechanisms: two transcriptional antitermination systems, the S-box riboswitch and cysteinespecific T-box, and an antisense RNA transcription. To our knowledge, it is the first report of large cis-encoded chromosomal antisense RNAs (up to 1000 nt in length) participating in the control of important metabolic processes in bacteria. Clostridia representing an evolutionary ancient group of bacteria may have developed a complex RNA-based regulatory mechanism to tightly control methionine to cysteine conversion instead of a transcriptional repressor as found in B. subtilis (6) .
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